ABSTRACT
Wnt and LRP6 regulation of insulin receptor and insulin signaling

LRP6
R611C mutation carriers exhibit impaired total body insulin sensitivity compared to noncarrier relatives in response to oral glucose ingestion, which correlates with a significant decline in their skeletal muscle expression of the insulin receptor (IR). Further investigations showed that this mutation diminishes TCF7L2-dependent transcription of the IR, whereas it increases the stability of IGFR and enhances mTORC1 pathway activity [5] . Overexpression of TCF7L2 in patient's skin fibroblasts was able to rescue the IR expression. The study was not sufficiently powered to assess hepatic glucose output and was not designed to examine the role of LRP6 in regulation of IR in pancreas or liver. Others have shown the important role of LRP6 in increasing the expression of IR and decreasing the expression of IGF1R in preadipocytes [6] . Interestingly, Ras/Src-transformed tumors in a drosophila model of diet induced hyperglycemia and insulin resistance retained insulin sensitivity and displayed aggressive behavior toward increased metastases by increasing insulin receptor expression and preferential glucose uptake [7] . Wnt activation in Ras/Src-transformed tumors upregulated the insulin receptor gene expression by promoting the expression of the transcript factor TCF7L2. This mechanism may provide one explanation for higher prevalence of malignant tumors in patients with diabetes and/or obesity . Paradoxically, mice with global TCF7L2 overexpression exhibit insulin resistance [8] . One explanation is that in this model excess TCF7L2 protein is unbound to β-catenin and acts as a transcription suppressor.
On the other hand, activation of the noncanonical Wnt results in increased PKC activity, which can lead to decreased insulin receptor kinase activity and insulinstimulated IRS tyrosine phosphorylation and subsequent reduced insulin sensitivity. This ultimately leads to decreased insulin-stimulated hepatic glucose uptake and reduced insulin suppressibility of hepatic glucose production.
Wnt and de novo lipogenesis
Studies in mice with LRP6 R611C mutation have shown that this mutation triggers hepatic de novo lipogenesis, lipid and cholesterol biosynthesis, and ApoB secretion by Sp1-dependent activation of IGF1, AKT, and both mTORC1 and mTORC2 axis (Figure 1) . Strikingly, these pathways could be normalized after treatment of primary hepatocytes with Wnt3a. Administration of rmWnt3a to LRP6 R611C mice was able to normalize plasma TG and LDL levels [9] . Mice with LRP6 R611C mutation also developed steatosis and insulin resistance of the liver, which could were similarly rescued with Wnt3a treatment (same reference).
Wnt, adipogenesis and lipotoxicity
Excessive caloric intake results in enhanced adipogenesis via adipocyte hypertrophy and hyperplasia. When excess energy outweighs the capacity of the adipose tissue to accumulate fat, triglycerides spill over to ectopic tissues and organs and leads to lipotoxicity and organ damage. Ectopic fat is defined as excess TG storage in tissues other than adipose tissue, such as the liver, skeletal muscle, heart, and pancreas. With the advent of magnetic resonance spectroscopy (MRS) and noninvasive quantification of tissue fat, excess intramyocellular, intrahepatocellular, myocardial and pancreatic lipids have has been discovered in subjects with insulin resistance. The extent of ectopic fat and triglyceride content of the liver and skeletal muscle tightly correlates with plasma lipid profile and whole-body and tissue-specific insulin sensitivity and its excess has been associated with diabetes, CAD, cerebrovascular disease and sudden death risk. Whether ectopic fat is the cause or the result of insulin resistance is unknown and hence, its pathogenesis is poorly understood [10] .
Adipocyte hyperplasia is grossly divided into two stages of mesenchymal stem cells (MSCs) "commitment" to preadipocytes and preadipocytes differentiation to adipocytes. Mesenchymal stem cell fate is regulated by a network of extracellular signaling factors that determine the activity of lineage-specific transcription factors. Both canonical and noncanonical Wnt inhibit adipogenesis in both stages (Figure 2 ) through deacetylation of PPARγ and C/EBPα promoter and blocking of their expressions [1] . MRS and ultrasound studies and tissue biopsies in LRP6 mutation have revealed excess intramyocellular an intrahepatic fat (data not published). Interestingly, recent anthropomorphic examinations have revealed that LRP6 mutation carriers have visceral obesity despite normal BMI. Accordingly, mice with LRP6 R611C mutation exhibit ectopic fat in the liver [9] , kidney and heart (data not published), whereas heterozygote LRP6 knockout mice are protected against diet-induced obesity and are insulin sensitive [11] . TG storage within the cardiomyocytes is known as myocardial steatosis and can be measured with great sensitivity by 1 H-MRS [12] . Patients with IGT and T2DM have an increased myocardial TG content compared to obese and lean controls, which may explain increased incidence of noni-ischemic heart disease and diastolic dysfunction in these subjects [13] . Similarly, increased fat in kidney has been reported in subjects with insulin resistance and is considered to be a cause of hypertension.
Problems and Prospects
LRP6 is ubiquitously expressed and has pleiotropic effects. Most studies on Wnt signaling pathway and its role in glucose homeostasis, adipogenesis and energy expenditure have been conducted in animal models in a tissue specific manner. Additional studies in humans are required to validate the findings in animal models and to resolve the controversies surrounding them. On the other hand, development of novel therapeutics for lipotoxicity and insulin resistance with no or minimal systemic effects requires future identification of tissue specific targets within Wnt pathway. 
